Abstract: In this paper, we propose and demonstrate a fiber-optic extrinsic Fabry-Pérot interferometer (FPI) sensor based on an ultraviolet (UV) adhesive diaphragm for verylow-frequency acoustic sensing. The sensing diaphragm is formed by the surface tension of UV adhesive solution and exhibits a good acoustic response from 1 Hz to 20 kHz. The sensor has a sensitivity of 57.3 mV/Pa at 1000 Hz and a flat frequency response ranging from 1 to 2000 Hz with a small fluctuation of about ±1.5 dB. The good response of infrasound and rather simple fabrication process make it a wonderful candidate for very-lowfrequency acoustic sensing.
Introduction
Very-low-frequency acoustic sensors have been studied extensively for decades and used widely. Infrasound is a new horizon for the remote sensing of the Earth's atmospheric physical environment, and many previous reports have pointed out the existence of infrasound waves generated by many environmental such as sources, volcanic eruptions, ocean waves, earthquakes [1] . Besides, infrasound sensing has been used to detect nuclear explosion in military field [2] . Pipeline leakage detection [3] and medical treatment [4] are also the significant applications of infrasound detection. Due to the good dynamic performance, high sensitivity and signal-to-noise ratio (SNR), the capacitive or piezoelectric acoustic sensors such as MB2000 (France), B&K 4193 and 4964 are the main commercial products for low frequency measurement. Nevertheless, containing many electronic components and electric cable, they are not immune to electromagnetic interference and less practical in the application of long distance.
For the unique advantages of high sensitivity, immunity to electromagnetic interference (EMI), remote detection and multiplexing capability [5] , fiber optic acoustic sensors can remove these limitations. Fiber Bragg gratings (FBGs), the Mach-Zehnder interferometer (MZI)/Michelson interferometer (MI), and the Fabry-Pérot interferometer (FPI) are three major configurations for acoustic detection [6] . FBGs can be modulated by the acoustic wave which wavelength is smaller than the FBG length, but they are insensitive to the low-frequency acoustic wave [7] . MZI/MI based acoustic sensors are the most cost-effective and easy to implement. Zumberge has proposed a MZI structure with two arms wrapped on a very long sealed tube (89 m length and 25 mm diameter silicon rubber) to detect infrasound signal around 1-10 Hz [8] . Even though the size of the MZI/MI sensing head can be reduced by using tapered or hollow-core fibers, the size is still larger [9] , [10] . FPI-based acoustic sensors which formed between a cleaved fiber end and a reflective diaphragm are the most sensitive fiber-optic acoustic sensors reported so far and now starting to compete with the standard used piezoelectric transducer (PZT) sensors in terms of the frequency range, resolution, and sensitivity [6] . In the last decades, various kinds of diaphragm materials have been studied for FPI pressure or acoustic sensors, such as silicon [11] , polymer [12] , graphene [13] , chitosan [14] , and silver [15] . Moreover, the sensitivity of FPI acoustic sensors can be remarkably improved by reducing thickness-to-diameter ratio of diaphragm [11] , [12] . However, the production process of diaphragms such as polymer-based film [16] , metal-based film [15] , micro-machined silicon diaphragm [17] , or single/multi-mode fiber diaphragm [18] is complex and costly, which involves mechanical spinning, chemical etching, or micro-machining. Besides, most of FPI-based acoustic sensors haven't been designed to detect very-low-frequency acoustic wave [11] - [15] .
In this paper, an UV adhesive diaphragm based sensor is proposed to offer high sensitivity, good low frequency response, low-cost and easy fabrication for the very low frequency acoustic measurement. The UV adhesive diaphragm with a radius of 1 mm and a thickness of 2.2∼6.4 m is formed by the surface tension of UV adhesive solution. Moreover, UV adhesive can be completely solidified under the ultraviolet light and still keep flexibility, reflective and stability after solidifying. Due to the lower thickness-to-diameter ratio and larger elasticity of UV adhesive diaphragm, the proposed sensor presents a preponderance to detect very-low-frequency acoustic wave with a sensitivity of 57.3 mV/Pa at 1000 Hz and a flat frequency response ranging from 1 Hz to 2000 Hz with a small fluctuation about ±1.5 dB.
Working Principle and Sensor Fabrication
When the acoustic pressure is applied to the diaphragm, this imposed pressure will cause the deformation of diaphragm and result in change of the cavity length d . In our experiment, only the center deflection of diaphragm is of interest. For a rigidly clamped round diaphragm, the center deformation is given by [19] 
where and E are Poisson's ratio and Young's modulus of the diaphragm material, r stands for the radius of the diaphragm, t is the diaphragm thickness, p is the sound pressure, f is the frequency of acoustic wave, is the damping coefficient, and f mn is the mn order natural frequency of the diaphragm. The first-order natural frequency of diaphragm can be described as
Equation (1) suggests that using lower Young's modulus materials, at the same time, reducing the thickness-to-diameter ratio of diaphragm can improve obviously the sensitivity of FPI pressure sensors. Due to its preponderant physical properties such as low Young's modulus, non contraction after curing, flexible and light-reflecting, the 3M RITE-LOK UV-60 adhesive is selected to fabricate large area diaphragm for very low frequency acoustic sensing in this paper. The UV adhesive diaphragm fabrication process is schematically shown in Fig. 1 .
To fabricate the UV adhesive diaphragm, 5 ml 3M RIT-LOCK UV-60 adhesive solution is firstly prepared in the test tube, and then, a clearly stainless steel tube with 9 mm length, 1.25 mm inner radius, and 1.5 mm outer radius is inserted into the UV adhesive solution about 1 mm vertically. After about 40 s, the internal surface of stainless steel tube will adhere to UV adhesive solution uniformly. Next, pull out the stainless steel tube from UV adhesive solution slowly. Because of the surface wettability of stainless steel tube and surface tension of UV adhesive solution, a thin UV adhesive diaphragm will be formed and its edge will be fixed on the internal surface of stainless steel tube. For purpose of improving the stability of diaphragm, the UV adhesive diaphragm is exposed to the UV light continuously for 10 min. to solidify completely. At last, a diaphanous, smooth, stable and thin diaphragm is fabricated as shown in Fig. 2(a) . It is a remarkable fact that the whole process is rather cost-effective and simple.
The thickness of UV adhesive diaphragm could be controlled by the depth of stainless steel tube in the UV adhesive and the speed of taking the stainless steel tube out from UV adhesive solution. Moreover, the thickness of diaphragm can be detected by calculating the free spectral range (FSR) from the interference spectrum of fiber-tip FPI as shown in Fig. 2(c) . For a lowfinesse FPI, the total reflected light intensity collected by the SMF from fiber end, surfaces 1 and surfaces 2 can be expressed by [20] 
where E 0 , E 1 , and E 2 are the amplitudes of three reflected waves; d is the length of FP cavity; t is the thickness of UV adhesive diaphragm; is the light wavelength; and n air and n UV are the refractive index of air and the UV adhesive diaphragm. Moreover, the interference spectrums of fiber-tip FPI with different thickness of UV adhesive diaphragm are shown in Fig. 3 . Since the UV adhesive diaphragm is very thin, the modulation of the fringe envelope in Fig. 3 is regarded as the result of the interference between surface 1 and surface 2. Therefore, the thickness of UV adhesive diaphragm can be expressed as
where FSR env is the spacing of fringe-envelope in Fig. 3 and they are 110 nm, 165 nm, 190 nm, 240 nm, and 335 nm from state 1 to 5, respectively. Moreover, n UV is about 1.5. Based on (4), the corresponding diaphragm thickness from state 1 to 5 are about 6.4, 4.7, 3.8, 2.9, and 2.2 m, respectively. Considering the vibration of diaphragm as undamped vibration and f ( f 00 in formula (1), the deformation of diaphragm will be irrelevant to the frequency of acoustic wave and can be expressed as
Therefore the maximum working frequency of the sensor should be considerably smaller than the resonant frequency of the diaphragm, but (5) and (2) suggest that the lower thickness-todiameter ratio of diaphragm, the higher sensitivity, and the lower resonant frequency of FPI sensor head that can be obtained.
The Young's modulus, Poisson's ratio and density of 3M RIT-LOCK UV-60 adhesive are about 2.5 GPa, 0.4, and 850 kg/m 3 , respectively. Calculated by (4) and (2), the theoretical sensitivity and resonant frequency of UV adhesive diaphragm with 1 mm radius and 6.4 m thickness are 250 nm/pa and 5617 Hz respectively. What is noteworthy is that the diaphragm isn't fabricated at outermost tip of stainless steel tube but inside the tube and the thickness of diaphragm edge is gradually increased as shown in Fig. 2(b) , which can protect the diaphragm from outer damage in some degree. What's more, there is a relatively large contact area between the diaphragm and tube surface to ensure the diaphragm fixed on the tube firmly. The most important, it will improve the natural frequency of diaphragm for the effective thickness increasing.
The simulation values of first-order natural frequency of flat and gradually increased diaphragm calculated by ANSYS are about 5794 and 15 239 HZ as show in Fig. 4 . It means that the UV adhesive diaphragm with 1 mm radius and 6.4 m thickness can be selected as sensing diaphragm to achieve a high sensitivity and a relative high resonant frequency at the same time.
To form an extrinsic FPI acoustic sensor, the ceramic ferrule of commercial SC or FC is inserted in the stainless steel tube that includes an UV adhesive diaphragm. Then the stainless steel tube is fixed on the SC or FC by the 502 glue, but the 502 glue did not seal the FP cavity leaving a space to balance the pressure difference between inside and outside of FP cavity as shown in Fig. 5 . If ignoring the refection light of surfaces 2, the total refection light intensity in (2), which contains the acoustic signal traveling back along the SMF, can be expressed
Therefore, the acoustic signal can be demodulated directly by the reflection light intensity changes when a narrowband laser whose wavelength at Q-point is incident into a FPI acoustic sensor [21] .
Experiment Results and Discussion
In order to demonstrate the potential of UV adhesive diaphragm-based FPI as a highly sensitive acoustic sensor, a contrast experiment is employed as shown in Fig. 6 . A tunable laser is used to keep FPI sensor head working at Q-point for maximizing the acoustic sensitivity [22] . The reflected light of the FPI sensor head through an optical circulator is detected by a photo detector (PD, New Focus 1623). The acoustic signal is generated by the B&K High Pressure Microphone Calibrator (HPMC) 4221 driven by B&K Generator module-LAN-XI Type 3160, which can worked as a sound source in the pressure field. The microphone of B&K 4193 with a sensitivity of 12.5 mV/Pa and a frequency response ranging from 0.07 Hz to 20 kHz is used for calibration and comparison with the FPI sensor head in the pressure field. They are both inserted into the HPMC 4421 and the achieved acoustic signals of which are transmitted to Type 3160. The combination of inputs and output channels makes Type 3160 one of the most versatile data acquisition modules available, while interchangeable front-panels give the flexibility to use a wide range of transducers. Moreover, this low-frequency calibration system is only applicable in the pressure field. Fig. 7(a) and (b) show the time domain waveform detected by the FPI sensor head at the same pressure of 538.3 mPa from 1 to 20 Hz, as well as the corresponding frequency spectrum after FFT transform. From the experimental results, a stable signal-to-noise ratio (SNR) about 30 dB with a noise floor at 0 dB and a 2 Hz resolution can be observed ranging from 1 to 20 Hz respectively, and its noise-limited minimum detectable pressure is about 11.2 mPa/Hz 1/2 . That means the very low frequency ranging from 1 to 20 Hz can be interrogated well by our proposed FPI acoustic sensor. The high frequency acoustic wave of 10 000 Hz is also detected by the acoustic sensor as shown in Fig. 7(c) . When the applied acoustic pressure is 93.5 mPa, the proposed sensor shows a SNR of 46 dB with a noise floor at −48 dB and a resolution of 80 Hz, and the corresponding noise-limited minimum detectable pressure is 52.4 Pa=Hz
1=2 .
The noise-limited minimum detectable pressure of low frequency is much higher than that of high frequency for the high noise floor at low frequency. The highly low-frequency noise can be further reduced by enhancing the packaging technology to decrease the noise from low frequency vibration and temperature change caused by ambient environment [22] . The demodulation system also can be further improved by reducing the influence of power fluctuation and working point shift of acoustic sensors to increase the SNR [21] , [23] . Moreover, the harmonics shown in Fig. 7(b) and (c) allow us to further identify the detected acoustic frequency [14] . Fig. 8 shows the output voltage signal of the proposed sensor when the acoustic pressure is increased from 21.4 mPa to 3.56 Pa by controlling the voltage of Calibrator 4221 at 1000 Hz. The result indicates the proposed sensor has a linear response with a linear correlation coefficient ðR 2 Þ of 0.99582 under given sound pressure levels. From the slope of the fitted curve, the sensitivity of FPI acoustic sensor can be achieved about 57.3 mV/Pa which is higher than that of B&K 4193.
The frequency response of the proposed FPI acoustic sensor from 1 Hz to 20 kHz is shown in Fig. 9 . The acoustic pressures generated from B&K Calibrator 4221 at different frequencies are calibrated by the microphone of B&K 4193. A dominant resonance peak at approximately 18 kHz can be observed in Fig. 9 , which is close to the simulation value about 15 239 Hz and suggests the gradually increased thickness of diaphragm edge can improve the natural frequency of diaphragm significantly. Because it is hard to measure the curvature of thickness change of diaphragm edge accurately, the resonance frequency of proposed fiber sensor is little different to the simulation value. The flat frequency response range is from 1 Hz to 2000 Hz with a small fluctuation about ±1.5 dB. That means the FPI acoustic sensor can be used for very-low-frequency acoustic sensing very well. In addition, the working frequency range of proposed acoustic sensor can be further extended by reducing the radius and increasing the thickness of UV adhesive diaphragm to improve the resonance frequency of sensing diaphragm.
As shown in Table 1 , some kinds of diaphragms have been fabricated for fiber acoustic sensing and exhibit good performance in recent years, but the fabrication processes of them are costly and complex. In addition, they are insensitive to low-frequency acoustic wave, particularly for infrasound. The proposed FPI acoustic sensor has been demonstrated superior property of low-frequency acoustic sensing with high sensitivity and good infrasound response. Most importantly, the fabrication process of adhesive diaphragm is rather simple and low-cost, just curing UV adhesive after diaphragm formed by surface tension.
Conclusion
In summary, a novel UV adhesive diaphragm-base FPI fiber sensor for infrasound measurement has been proposed and experimentally demonstrated. The fabrication process of sensing TABLE 1 Fabrication process and performance parameters of selected acoustic sensors in recent years ranging from 1 to 20 Hz. Such FPI fiber acoustic sensor can be applied as high sensitive and very-low-frequency acoustic sensor for earthquake sound detection.
